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Nine organic solvents and 47 commonly used P450 
subsbi^tes and inhibitors were escamined for their ef> 
fects on coumarin 7-hydroxylase (CyP2A6) activity in 
human liver microsomes* Of the nine ox^anic solvents 
examined (final concentration 1%^ v/v)» only methanol 
did not inhibit the 7-hydroxylation of coumarin (0^ to 
50 ftM) by human liver microsomes. Dioxane and tetra- 
hydrofuran, which are structurally related to coumarin, 
were the most inhibitory solvents examined. Althou^ 
the rates of coumarin 7-hydroxylation varied enor- 
mously among nine samples of human liver microsomes 
and cDNA-expressed CYP2A6 (V^ = 179 to 2470 pmol/ 
mg protein/min), the £„, for coumarin 7-hydroxylation 
was fairly constant (ranging from 0.50 to 0,70 jiiM). The 
following chemicals caused little or no inhibition of 
(7YP2A6 as defined by a Ki > 200 /tM: caffeine, chlorzoxa- 
zone, cimetidine, dextromethorphan, diazepam, diclo- 
fenac, er3rthromycin, ethinylestradiol, ethynyltestoster- 
one, fiuconazole, furafyUine, furfural, hexobarbital, itra- 
conazole, mephenytoin, methimazole, metronidazole, 
naringenin, naringin, nifedipine, norfloxacin, norges- 
trel, orphenadrine, guinidine, papaverine, phenacetin, 
pyrimethamine, ranitidine, spironolactone, sulfaphena- 
zole, sulfinpyrazone, testosterone, tolbutamide, trolean- 
domycin, and warfarin. In other words, these chemicals, 
at a final concentration of 100 /aM, failed to inhibit 
CYP2A6 when the concentration of coumarin was equal 
to (0^ /iM). The following chemicals were classified 
as strong inhibitors of CYP2A6 (defined by Si < 200 /xm): 
clotrimazole, diethyldithiocarbamate, ellipticine, keto- 
conazole, 8-methoxypsoralen, 4-methylpyrazole, metyr- 
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Institutes of Health (NIH). A.J.D. was supported by NIH Training 
Grant ES07079, 
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To whom correspondence should be addressed. Fax: (913) 588- 
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apone, miconazole, a-naphthofiavone, nicotine, p-ni- 
trophenol, and tranylcypromine. The potency with 
which ea<^ chemical inhibited the 7-hydroxylation of 
coumarin was independent of which sample of human 
liver microsomes was studied* One of the most potent 
inhibitors of coumarin 7-hydroxylase was 8-methoxy- 
psoralen (methoxsalen), which was determined to be a 
mechanism-based inhibitor (suicide substrate) of CYP2A6 
(^mactavatian 0«5 uun'O* With tho exceptlou of 8-meihoxy- 
psoralen, preincubation of human liver microsomes and 
NADPH with the aforementioned inhibitors did not in- 
crease their ability to inhihit CYP2A6. The most potent 
competitive inhibitor of CYP2A6 was tranylcypromine 
(JSi - 0.04 fcM). Several of the chemicals that strongly 
inhibited CYP2Ae, such as ketoconazole and tranylcy- 
promine, are often used with the intention of selectively 
inhibiting human P450 enzymes other than CYP2A6. 
The results of this study undearscore the need for a sys- 
tematic evaluation of the specificity of commonly used 
P450 inhibitors. O 1997 Academic Press 

Key Words: cytochrome P450, chemical inhibition; 
CYP2A6, chemical inhibition of coumarin 7-hydroxyla- 
tion; inhibition of htunan counuuin 7-hydroxylase. 



Inhibition of cytochrome P450 (CYP)* enzymes is a 
clinical concern because drug interactions resulting in 
impaired drug metabolism can be detrimental and even 
fatal. Inhibition of drug metabolism may cause the 
rapid onset of symptoms of drug overdose. A case in 

* Abbreviations and conmion names used: coumarin, 2H-1- 
benzopyran-2-one; DDTC, diethyldithiocarbamate; ethinylestradiol, 
17a-ethinylestradiol; ethynyltestosterone. 17a-ethynyltestosterone, 
ethisterone; or-naphthoflavone, 7,8-ben2oflavone; phenacetin, N-H- 
etho3OThenyl]acetamide; testosterone, 17j9-hydroxy-4-androsten-3- 
one; tranylcypromine, fra;w-<± )-2-phenylcyclopropanolamine; tro- 
leandoraycin, triacetyloleandomydn; warfarin, 4-hydroxy-3-(3-oxo- 1- 
phenylbutyl)-2ff-I-ben2opyran-2-one; CYP, cytochrome P450. 
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point is terfenadine, which produces potentially fatal 
ventricidar arrhythmias when the metabolism of this 
nonsedating antihistamine is blocked by the CYP3A 
inhibitors ketoconazole and erythromycin (5-7). The 
potential for such drug interactions can now be pre- 
dicted based on in vitro studies of the human P450 
enzymes that either metabolize drugs or are inhibited 
by them. 

Inasmuch as the biotransformation of a xenobiotic 
in humans is frequently dominated by a single P450 
enzyme, considerable attention has been paid to defin- 
ing the substrate specificity of the P450 enzymes ex- 
pressed in human liver microsomes (a process com- 
monly referred to as reaction phenotyping). Four in 
vitro approaches have been developed for reaction phe- 
notyping, and are based on the use of cDNA-expressed 
or purified P450 enzymes, correlation analysis, anti- 
body inhibition, and chemical inhibition. Each has its 
advantages and disadvantages, and a combination of 
an four approaches is often required to identify which 
human P450 enzyme is responsible for metabolizing a 
xenobiotic (8, 9), 

The first approach to reaction phenotyping, biotrans- 
formation by purified or cDNA-expressed human P450 
enzymes, can establish whether a particular P450 en- 
zyme can or cannot biotransform a xenobiotic, but it 
does not address whether that P450 enzyme contri- 
butes substantially to reactions catalyzed by human 
liver microsomes. This information is obtained by the 
other three techniques. The second step, correlation 
analysis, involves measuring the rate of xenobiotic me- 
tabolism by several samples of human liver microsomes 
and correlating reaction rates with the variation in the 
level or activity of the individual P450 enzymes in the 
same microsomal samples. The third approach, anti- 
body inhibition, involves an evaluation of the eflfects of 
inhibitory antibodies against selected P450 enzymes 
on the biotransformation of a xenobiotic by himian liver 
microsomes. Due to the ability of antibodies to inhibit 
selectively and noncompetitive^, this method alone 
can estabhsh which human P450 enzyme is responsible 
for biotransforming a xenobiotic. Unfortunately, the 
utility of this method is limited by a lack of highly 
specific, inhibitory antibodies. The fourth approach, 
chemical inhibition, involves an evaluation of the ef- 
fects of known P450 enzyme substrates and inhibitors 
on the metabolism of a xenobiotic by human liver mi- 
crosomes. The major advantage of chemical inhibitors 
is their widespread availability, stability, and cost-ef- 
fectiveness. However, few of the chemicals widely used 
to inhibit cytochrome P450 have been examined for 
their specificity. Several chemicals initially described 
as selective inhibitors have been found subsequently 
to inhibit two or more P450 enzymes. For example, 
DDTC was initially described as a specific inhibitor of 



CYP2E1 (10), but it has been subsequently shown to 
inhibit CYP2A6 (10, 11). 

For competitive inhibitors, the concentration of a 
chemical required to inhibit a reaction by 50% (ICso) 
is dependent on the concentration of substrate. When 
multiple substrates for the same enz3rme are consid- 
ered, the ICso value will depend not only on the concen- 
tration of substrate, but on the concentration of sub- 
strate relative to K^.^ Likewise, when multiple en- 
zymes are inhibited by the same chemical, the degree 
of inhibition will depend not only on the concentration 
of inhibitor, but on the concentration of inhibitor rela- 
tive to Ki. For competitive inhibitors, therefore, speci- 
ficity depends on the concentration of both the inhibitor 
and the substrate as they relate to Ki and K^, respec- 
tively. Consequently, the idea that a certain concentra- 
tion of inhibitor can be added to a microsomal incuba- 
tion to achieve selective inhibition of one particular 
P450 enzyme is untenable, unless the chemical fimc- 
tions as a specific noncompetitive inhibitor. Few chemi- 
cals, if any, are likely to be specific competitive inhibi- 
tors of individual P450 enzymes. However, each indi- 
vidual P450 enzyme may interact with chemical 
inhibitors with a characteristic aflSnity, as measured by 
the inhibitory constant, Ki. In contrast to IC50 values, 
which are extrinsic constants, Ki values are intrinsic 
constants that should not vary from one laboratory to 
the next It may be possible, therefore, to examine the 
effects of a limited number of inhibitors on a reaction 
catalyzed by himian liver microsomes and to infer firom 
the pattern of K, values the identity of the P450 enzyme 
responsible for catal3^ing the reaction. 

We have begun a systematic evaluation of the po- 
tency (Ki) of commonly used P450 inhibitors with the 
aim of identifying chemicals that are potentially usefiil 
in reaction phenotyping. In this, our first study, we 
have evaluated the potency of commonly used P450 
substrates and inhibitors on CYP2A6 activity in human 

'The kinetic constants described in this work are operational 
terms. For example, is used to describe the concentration of sub- 
strate supporting half-maximal rates of formation of a particular 
metabolite (typically the formation of 7-hydrtMcycouraarin), whereas 
Vn^ax is used to describe the rate of formation of Uiat metabolite in 
the presence of an infinite amount of substrate, which is calculated 
based on the assimiption that the enzymatic reaction obeys the Mi- 
chaelis-Menten equation 



+ [SJ ' 



where v is initial rate and [S] is the concentration of substrate. Many 
of the assumptions inherent in the Michaelis-Menten eqxiation may 
not be satisfied in the case of P450-dependent reactions, to the 
where ir« values may have little to do with the afiSnity with which 
substrates reversibly bind with P460 enzymes to form an en^ynie- 
substrate complex. 
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liver microsomes. CYP2A6 is the only functional member 
of the CYP2A subfamily expressed in human liver micix)- 
somes.^ The enzyme has been doned, expressed in heter- 
ologous expression systems, and found to catalyze the 7- 
hydroxylation of coumarin (2, 4, 12). Waxman et al. (13) 
examined several cDNA-expressed enzymes and found 
that only CYP2A6 catalyzes a high rate of coumarin 7- 
hydroxylation. Additionally, CYP2A6 has been purified 
fix)m human liver microsomes and shown to catalyze cou- 
marin 7-hydroxylation, albeit at a rate lower than that 
observed with hmnan liver microsomes (14, 15). Pearce 
et al have further determined, by immunoinhibition and 
by correlation of immunoreactive protein with rates of 
catalysis, that CYP2A6 is largely or entirely responsible 
for llie 7-hydroxylation of coizmarin by human liver mi- 
crosomes (16). We have evaluated nine oi^ganic solvents 
for their ability to inhibit CYP2A6 and have determined 
^ values for 47 commonly iised P450 substrates and 
inhibitors. Where possible, we have used commercially 
available and nonrestricted compounds. Our resxilts show 
that several chemicals, once thought to be selective inhib- 
itors of other P450 enzymes, are potent inhibitors of 
CJyP2A6. 

MATERIALS AND METHODS 

Chemicals and reagents. Coumarin, 7*hydroxycouinarin (xunbel- 
Hferone), caffeine, chlorzoxazone, cimetidine, clotrimazole, dextro- 
methorphan, diazepam, diclofenac, diethyldithiocarbamate, ellip- 
tidne, erythromycin, ethinylestradio!, ethynyltestosterone, furfural, 
ketoconazole, methimazole, 8-methoxypsoralen (methoxsalen), 4- 
methylpyrazole, metronidazole, miconazole, a-naphthoflavone, nar- 
ingenin, naringin, nicotine^ nifedipine, 4-nitrophenol, norfloxacin, 
norgestrel, orphenadrine, quinidine, papaverine, phenacetin, pyri- 
methamine, ranitidine, spironolactone, sulfinpyrazone, testosterone, 
tolbutamide, tranylcypromine, and warfarin were purchased from 
Sigma Chemical Co. (St. Louis, MO). Fluconazole and troleando- 
mycin were gifts from Pfizer (Groton, CT). Furafylline was purchased 
from Research Biochemicals International (Natick, MA). Hexobarbi- 
tal was a gift from Stcriing Winthrop (Rensselaer, NY). Itraconazole 
was a gift from Janssen (Beerse, Belgium). Mesantoin (a racemic 
mix of i?- and S-mephenytoin) was a gift from Sandoz (E. Hanover, 
NJ). Metyrapone was purchased from Aldrich (Milwaukee, WI). Sul- 
faphenazole was a gift from Ciba-Geigy (Basel, Switzerland). Ace- 
tone and dichloromethane were piuxhased from Baxter (Muskegon, 
MI). Acetonitrile, chlorofiHrm, dimethylformamide, dimethylsulfox- 
ide, dioxane, ethanol, methanol, 2-propanol, and tetrahydroiuran 
were purchased from Fisher (Pair Lawn, NJ). 

Human liver microsomes and cDNA-expressed CYP2A6. The hu- 
man liver samples used in this study were procured from various 
organ baiiks with prior approval from the Institution's Human Sub- 
jects Committee. Information on the htmian liver donors is given 



* Human CYP2A6 was previously named P450 2A3 (1,2), which is 
now the name given to a P450 enzyme expressed in rat lung (3). 
Human cytochromes CYP2A6v and 2A7 were previously named P450 
2A3v and 2A4, respectively. These enzymes are the products of two 
expressed cDNAs that do not appear to encode a functional enzyme 
despite amino add sequences that are virtually identical to the cDNA 
encoding CYP2A6 (4). 



in Table I. Human liver microsomes were prepared by differential 
centrifugaUon and stored at -80*C, essentially as described by Lu 
and Levin (17). The concentration of protein was determined with a 
commercially available kit (BCA protein assay; Pierce Chemical Co., 
Rockford, IL) as described by the manufacturer (18). A pool of micro- 
somes was prepared from liver samples 6 and 7. The cDNA-expressed 
CyP2A6 used in this study was not expressed with additional 
NADPH-cytochrome P450 reductase and was purchased from Gen- 
test (Wobum, MA). 

Coumarin 7'hydroxylation. The rate of coumarin 7-hydroxylation 
was determined by the method of Pearce et oL (10) which was 
adapted from the 7-ethoxycoumarin O-dealkylase assay described by 
Greenlee and Poland (19), Briefly, liver microsomes (10 ^g) were 
incubated at 37 ± 1*C in 1-ml incubation mixtures cohtaining potas- 
sium phosphate buffer (50 mM, pH 7.4). MgClj (3 mM), EDTA (1 mM), 
NADP (1 mM), glucose-6-phosphate (5 mM), giucose-G-phosphate de- 
hydrogenase (1 UniVml), and coumarin (0.125 to 50 ^) at the final 
concentrations indicated. Coounarin was added to each incubation 
in 50 /J of water. Reactions were started by adding the NADPH- 
generating system and were stopped after 0-10 min with 125 ^1 of 
15% (w/v) trichloroacetic add and 2 ml of dichloromethane. After the 
tubes were vigorously mixed on a batch vortexer, a 1-ml aliquot of 
organic phase was removed and added to 3 ml of 0.01 N NaOH con- 
taining 1 mM NaCl, After further mixing, the concentration of 7- 
hydroxycoumarin in the alkaline phase was determined fluoromet- 
rically (X« 371 nm and >wn = 454 nm) with a Shimadzu RF-540 
spectrofluorimeter. The recovery of 7-hydrosycoumarin was essen- 
tially quantitative (>99%). 

Zero-time incubations served as blanks, and blank incubations 
spiked with 600 to 5000 pmol 7-hydro«ycovunarin served as stan- 
dards. A selected sample of human liver microsomes was incubated 
for half and twice the regular incubation period (to verify metaboHtc 
formation was proportional to incubation time) and at half and twice 
the regular protein concentration (to verify metabolite formation was 
proportional to enzyme concentration). All samples and standards 
were incubated in dupUcate or triplicate. Inhibitors were added in 
10 /il of either water or methanol. None of the inhibitors added in 
methanol appeared to precipitate from the microsomal incubation 
mixture, even though many of them exceeded their aqueous solubil- 
ity. The experimental conditions were selected such that even under 
the most extreme conditions (high (jyP2A6 activity with low couma- 
rin concentration), no more than 15% of the substrate was converted 
to 7-hydro3cycoumarin, 

Analysis of data. The apparent kinetic constants ( V;^, . and 
^i) were determined by an Enzyme Kinetics program from Trinity 
Software (Campton, NH; Version 1.4.1), which weights data toward 
the hi^ concentrations of substrate (weighting factor = 4). It is 
recognized that the concentration of coumarin producing half-maxi- 
mal rates may not reflect the actual affinity with which coumarin 
binds to the active site of the enzyme.* 

Human liver microsomes from samples other than 16 were incu- 
bated with a single concentration of inhibitor at 0.5 /zM coumarin 
iKm) to examine tJie sample-to-sample variation in Ki values. When 
only a single concentration of substrate and inhibitor were examined, 
the Ki values for each of the competitive inhibitors were calculated 
fium the following formula, 

' V^-[S3-t;-(«„ + [S])' 

where is the inhibition constant, v is the rate of reaction in pres- 
ence of inhibitor [I] at substrate [S], and and the are the 
Michaelis constants for a given reaction. This equation can be simpli- 
fied further. When tU concentration is such that it will inhibit 50% 
of the reaction (IC50) at [S] = , it implies that v = Vn^4. Therefore, 
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TABLE I 

Information of Human Liver Donors 



activity" 


Sample 
number 


Sex 


Age 


Race 


oause 01 aeau) 


. 

Drug, alcohol, and 
tobacco use 


Low 


18 


M 


2 


Black 


Anoxia, smoke 


None 


Low 










inhalation 




19 


M 


52 


Caucasian 


Gunshot to head 


1 Dack/dav 40 veara 














mod. alcohol use* 




7 


ivr 

iu 


AC 


Caucasian 


Subdural bleed 


Heavy smoker, 


Medium 












mod. alcohol use 


14 


M 


20 


Caucasian 


Gunshot to head 


Mod. alcohol use 


Medium 


20 


M 


53 


Caucasian 


Cerebral aneurism 


None 


High 


6 


F 


51 


Caucasian 


Myocardial infarction, 


Smoker,' low alcohol 


High 










cerebral bleed 


use 


2 


F 


53 


Caucasian 


Intracerebral bleed 


1 pack/day, no 


High 


16 


M 








alcohol use 


47 


Caucasian 


Cerebral aneurism 


2 pack/day 20 














years^, heavy 


High 


17 


M 








alcohol use 


31 


Caucasian 


Motor vehicle 


1 pack/day, mod. 












accident 


alcohol use 



CYP2A6 activity: low, V„„ < 500 pmolAng/min coumarin 7-hydroxylation; medium, = 500- 1500 pmoymg/min coumarin 7-hydroxyl- 
ation; high, > 1500 pmol/mg^min coumarin 7-hydroxylation. 
^ This donor received unknown antihypertensives. 
* This donor received darvocet, voltarin, and various musdc relaxants. 
•'This donor received Zantac, reglin, Vasotec, lasix, heparin, and total parenteral nutrition. 



- ( W4X^« + KJ • 

Hence, = 2 X ICm when [S] = 

When a compound inhibits an enzyme competitively, it increases 
the-K« for the reaction without decreasing the V;^. In other words, 
the effect of a competitive inhibitor can be overcome by increasing 
the substrate concentration. 

The Ki values for noncompetitive inhibitors were calculated from 
the following formula: 

' V^-lS]-i;'CK-„ + [S])* 

The above equation can be simplified further. When [I] concentration 
is such that it will inhibit 50% of the reaction (IC50) at [S] = it 
implies that v = V„J4, TherefoiB, 

^ _ (Vm«/4)-ICao-(g^+iCJ 
' Va^'K^ - (V„«^4XK-„ -I- K^) ' 

Hence, Kl = IC50 when [S] = K^, 

When a compound inhibits an enzyme noncompetitively, it de- 
creases the without affecting the . In other words, the effect 
of a noncompetitive inhibitor cannot be overcome by increasing the 
substrate concentration. 

RESULTS 

Kinetic Constants for Coumarin 7 -Hydroxy lation 

Samples were chosen jfrom a bank of human livers 
to represent the large interindividual variation in rates 



of coumarin 7-hydroxylation. Nine samples were cho- 
sen: two with low (18 and 19), three with moderate (7, 
14, and 20), and four with high (6, 2, 16, and 17) couma- 
rin 7-hydroxylase activity. All nine samples had similar 
amounts of cytochrome bs and low or imdetectable lev- 
els of cytochrome P420, the inactive form of C3rtochrome 
P450 (data not shown). Although samples 18 and 19 
had low coumarin 7-hydroxylase activity, they had high 
7-ethoxyresorufin 0-dealkylase (CYP1A2) and lauric 
add hydroxylase (CYP4A) activity, indicating that 
these two samples were not inherently low in P450 
enzyme activity (data not shown). The rates of couma- 
rin 7-hydroxyIation by the human liver microsomes 
used in this study were highly correlated with the lev- 
els of inmaunoreactive Cr5n?2A6 as determined by West- 
em immunoblotting (20). 

Figure 1 shows a double reciprocal (lineweaver-Burk) 
plot of substrate concentration versus coumarin 7-hy- 
droxylation by a pool of human Hver microsomes and 
cDNA-expressed CYP2A6. The Kj^ for coumarin 7-hy- 
droxylation was estimated to be 0.5 ^lam. Each sample was 
subsequently incubated with a wide range of substrate 
concentrations (from one-tenth to 100 times Km\ i-®-' 
0.05 to 50 /iM). As shown in Table U, V^ax for coumarin 
7-hydroxylation varied greatly jQrom sample to sample, 
ranging from 179 to 2470 pmol/mg/min, hatK^ remained 
fairly constant, ranging firom 0.5 to 0.7 /^M. 
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1/[Coumarin} 

FIG. 1- Effect of substrate concentration on the 7-hydroxylation of 
coumarin by human liver microsomes and cDNA-expressed CYP2A6. 
Human liver microsomes ( 10 fig/xnl protein) from a pooled sample and 
microsomes containing cDNA-expressed CYP2A6 were incubated for 
5 min with 0.125 to 50 nM coumarin, and rates of formation of 7- 
hydro3cycoumarin were determined by fluorescence spectrt>scopy. 



Effects of Organic Solvents on Coumarin 
7'Hydroocylation 

The effects of various organic solvents on the 7-hy- 
droxylation of coumarin by human liver microsomes 
are shown in Kg. 2. Among the organic solvents exam- 
ined, only methanol did not inhibit coumarin 7-hydrox- 
ylation in amounts that are normally added to an incu- 
bation (e.g., 10 //1/ml). At low substrate concentrations 
(0.5 pLU\ even methanol caused a progressive inhibition 
of coumarin 7-hydroxylation at final concentrations 
above 2% (20 jul/ml). At 1% (v/v), tetrahydrofuran and 
dioxane caused a marked (>90%) inhibition of couma- 
rin 7-hydroxylation, even at relatively high substrate 
concentrations. Although detailed studies were not per- 
formed, the organic solvents appeared to be competitive 
inhibitors of coimiarin 7-hydroxylation, based on the 
observation that the degree to which a constant amount 
of organic solvent inhibited CYP2A6 (i.e., the percent- 
age of inhibition) decreased with increasing substrate 
concentration, which is a hallmark of competitive inhi- 
bition. 

Chemical Inhibition of Coumarin 7 -Hydroxy lation 

Forty-seven chemicals dissolved in water or metha- 
nol were examined for their effects on the 7-hydroxyIa- 
tion by human liver microsomes with high CYP2A6 
levels (sample 16). An initial screening of inhibitors 
at a final concentration of 100 /xM with a substrate 



concentration of 0.5 /zM (i.e., Km) identified 35 chemicals 
that failed to inhibit coximarin 7-hydroxylation by 50% 
or more (Fig. 3). In general, the degree to which these 
chemicals inhibited the 7-hydroxylation of coumarin 
progressively decreased as the substrate concentration 
increased, suggesting the inhibition was competitive in 
nature (results not shown). Inasmuch as X; = 2 x ICso 
when [SI = these results suggest that all of the 
chemicals listed in Fig. 3 have K, values greater than 
200 /iM. The degree to which these same chemicals 
inhibited coimiarin 7-hydroxylation was not markedly 
increased when they were preincubated with liver mi- 
crosomes for 5 min prior to the addition of coumarin, 
as shown in Fig. 3. These results suggest that none of 
the 35 chemicals listed in Fig. 3 is a potent mechanism- 
based inhibitor of CYP2A6. 

Twelve of the 47 chemicals tested markedly inhibited 
(>50%) the 7-hydroxylation of coumarin (0.5 ^) by 
hmnan Uver microsomes. These were tranylcypromine, 
8-methoxypsoralen, miconazole, clotrimazole, ellip- 
tidne, a-naphthoflavone, ketoconazole, nicotine, me- 
tyrapone, 4-nitropheno], 4-methylpyra2ole, and DDTC. 
The effects of these 12 chemicals on coumarin 7-hydrox- 
ylation were studied with and without a 5-min preincu- 
bation of the inhibitor with human liver microsomes 
and NADPH, and the results are shown in Fig. 4. The 
aim of the preincubation period was to determine if 
inhibition of coumarin 7-hydroxylation was due to the 
parent compound or to a metabolite, as a means of 
identifying mechanism-based inhibitors of CYP2A6. Of 
the chemicals examined, only 8-methoxypsoralen 



TABLE n 

Sample-to-Sample Variation in the and V^^ for 
Coumarin 7-Hydroxylation by Human Liver Microsomes 



CYP2A6 








activity 


Sample 




(pmol/mg/tein) 


Low 


CYP2A6 (cDNA) 


0.62 


251 




18 


0.70 


223 




19 


0.61 


179 


Medium 


14 


0-50 


760 




7 


0.50 


562 




20 


0.52 


1040 




Pool 


0.67 


949 


High 


6 


0.66 


1640 




2 


0.56 


2020 




16 


0.51 


2190 




17 


0.58 


2470 



Note. Human liver nlicrosomes (10 /zg/ml protein) from nine livers, 
a pooled sample, and cDNA-expressed CYP2A6 were incubated for 
5 min with 0.5 or 50 /zm coumarin, and rates of formation of 7- 
hydroxycoumarin were determined by fluorescence spectroscopy. The 
rate at 50 /iM was taken to be and the was calculated as 
described in the text 
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FIG. 2. Effects of organic solvents on the 7-hydroxylation of coumarin by human liver microsomes. (A) Human liver nucrt>$omes (10 ;ig/ 
ml) from a single liver Q^o, 16) were incubated witti 0.5 or 5 ^ coumarin in the absence and presence of 10 /ilAnl of various organic 
solvents, and rates of formation of 7-hydroxycoumarin were determined by fluorescence spectroscopy. In the absence of organic solvent^ the 
rate of formation of T-hydroxycoumariu was —400 pmol/mg protein/min. The molar concentration of organic solvent (at 10 /zlAnl) was as 
follows: methanol (247 mM), dimethylsulfoxide (141 mM), dimethylformamide (129 mM), 2-propanol (131 mM), ethanol (170 mM), acetonitrile 
(191 mM), acetone (136 mM), chloroform (125 mM), tetrahydroforan (123 mM), and dioxane (117 mM). (B) The experiment in A was repeated 
with increasing amounts of methanol (10—50 pi) added to each 1-mI incubation mixture which contained 0.5 or 50 /iM coumarin. 



cavLsed a substantially greater inhibition of coumarin 
7-hydroxylation when preincubated with human liver 
microsomes (Fig. 4). 

To determine K\ values for each of the 12 chemicals 
found to inhibit coumarin 7-hydroxylation, human Hver 
microsomes (10 pig/m\) from sample 16 were incubated 
with multiple concentrations of coumairin (0.125 to 2 
fjM) and multiple concentrations of inhibitor (which 
varied from one inhibitor to the next). Ki values were 
determined from line weaver- Burk and Dixon plots. 
The residts obtained with nicotine and tranylcypro- 
mine are shown in Pig. 5. In both cases, the Line- 
weaver-Burk plots tended to intersect on the y axis, 
and the Dixon plots intersected above the x axis, indi- 
cating nicotine and tranylcjrpromine are competitive 
inhibitors of CYP2A6 with Ki values of 24 and 0.04 ^M, 
respectively, values were determined by nonlinear 
regression analysis, in addition to Lineweaver-Burk 
and Dixon plots. In general, there was close agreement 



between J^i values determined by the nonlinear regres- 
sion and Lineweaver-Burk plots, but in some cases ^ 
values determined from IMxon plots were slightly 
higher (10 to 50%). The Ki values reported hereafter 
were determined by nonlinear regression analysis. 

With three notable exceptions, results similar to 
those shown in Fig. 5 were obtained with the other 
inhibitors of CYP2A6. In other words, miconazole (Ki 
0.22 fm), ellipticine (Ki 16 /xm), of-naphthoflavone (Ki 
12 /iM), ketoconazole (Ki 24 im\ metyrapone (Ki 28 fiUX 
4-nitrophenol (Ki 46 /jlm), and 4-methylpyrazole (Ki 78 
MM) were also competitive inhibitors of CYP2A6. The 
exceptions were 8-methoxypsoralen, clotrimazole, and 
DDTC. In the case of 8-methoxypsoralen, the Ki value 
for inhibition of coumarin 7-hydroxylation was deter- 
mined with and without a preincubation period, and 
the results are shown in Fig. 6. In the absence of a 
preincubation period, S-methoxjrpsoralen inhibited the 
7-hydroxylation of coumarin with a Kj value of 0.26 
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I.Caffeina 
2. ChlorToxazone 
3, Cimettdine 
4. Dextromethorphan 

5. Diazepam 

6. Diclofenac 
7. Erythromycin 

8. Ethinylestradiol 
9. Bhinyftostosteror>e 
to. Fluconazole 
II.FurafyUine' 
12. FurfuraJ 

13. Hexobarbitaj' 

14. Itraconazole 

15. Mephenytoin 

16. Methimazote 
17. Metronkfazole 

18. Nanngenin 
19. Nartngin 
20. Nifedipine 

21. Norfloxacin 

22. Norgestrel 
23. Orphenadrine 

24. Quinidine 

25. Papaverine 

26. Phenacetin 
27. Pyrimethamine 

28. Ranitidine 

29. Spironotactone 

30. Sutfaphenazole 

31. Sulfinpyrazone 

32. Testosterone 

33. Tolbutamide " 
34. Troleandomydn 

35. Warfarin " 
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HG. 3. Effect of preincubation on.the chemical inhibition of coumarin 7-hydroxylase activity in hiiman liver microsomes. Human liver 
microsomes (10 ng/xol) from a single liver (No. 16) were incubated with various concentrations of coiimarin in the presence of 100 |iM of 
each of the chemicals listed at a concentration of 100 fxM. Chemicals were added in 10 of methanol. The chemicals were examined with 
and without a S-min preincubation period as desMn^bed under Materials and Methods. Rates of formation of 7-hydroxycoumarin were 
determined by fluorescence spectroscopy. In the absence of organic solvent^ the rate of formation of 7-hydroxycoumarin was -400 pmol/mg 
protein/min: 



which decreased to 0.04 /aM when 8-methoxypsoralen 
was preincubated with human liver microsomes for 5 
min. In both cases, however, the Lineweaver-Burk 
plots intersected on thex-axis, indicating the inhibition 
was noncompetitive in nature. 

The time course of inactivation of cDNA-expressed 
CYP2A6 by 8-meth6xypsoralen is shown in Fig. 7. At 



concentrations of 8-methoxypsoralen ranging from 0.2 
to 2.0 /iM, the rate of inactivation of CYP2A6 appeared 
to conform to a first-order process (as indicated by a 
straight line on the semilog plot), as would be expected 
for a mechanism-based (i.e., metabolism-dependent) 
inhibitor. Figure 7 also shows the relationship between 
the concentration of S-methoxjrpsoralen and the rate of 
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FIG. 4. Inhibition of coumarin 7-hydroxyIase activity in human liver microsomes by potentially specific substrates and inhibitors. Human 
liver microsomes (10 /xg/ml protein) from a single liver (No. 16) were incubated for 5 min with 0.5 ftfd coumarin in the presence and absence 
of chemical inhibitors added in 10 methanol. The chemicals were examined with and without a 5 min preincubation period as described 
under Materials and Methods. Rates of formation of T^hydroxycoumarin were determined by fluorescence spectrt)scopy. In the absence of 
organic solvent, the rate of formation of 7-hydroxycoumarin was -400 pmol/mg protein/min. Inhibitors were added in concentrations that 
were found to cause roughly a 50% inhibition. The concentrations were as follows: tranylcypromine, 0.05 /xM; 8-methaxypsoralen, 0.05 pM; 
miconazole. 0.6 /iM; clotrimazole. 0.6 fiM\ DDTC. 10 mm; eHipticine, 10 ^m; a-naphthoflavone. 12 /iM; ketoconazol^ 40 ^M; nicotine. 50 pM; 
metyrapone. 100 MM;p-nitrophenol, 50 /iM; and 4-methylpyrazole, 100 fm. 



inactivation of CYP2A6. At an infinite concentration of 
8-methoxypsoralen (represented by the y axis inter- 
cept), the rate of inactivation (Ainactivation) of CYP2A6 
was 0.5 min'\ indicating that 50% of the enzyme is 
inactivated every minute under saturating concentra- 
tion of inhibitor. From the x axis intercept, the Ki for 
inactivation of CYP2A6 was determined to be 0.33 /m, 
which is comparable to the Ki value of 0.26 //M deter- 
mined without a preincubation period (Pig. 6). 

In the case of clotrimazole, the pattern of inhibition 
(competitive versus noncompetitive) appeared to de- 
pend on the concentration of inhibitor and substrate. 
As shown in Figs. 8A and 8B, inhibition of coumarin 
7-hydroxylation (at substrate concentrations ranging 
from 0.125 to 2 /xm) by clotrimazole appeared to be 
competitive at 0.5 /iM but noncompetitive at 1.5 /zM (as 
indicated by intersection of the Lineweaver-Burk plots 
on they and x axis, respectively). This experiment was 
repeated with 10 times the concentration of coumarin 
and clotrimazole, and the results are shown in Figs. 
8C and 8D. Under these conditions, inhibition of cou- 
marin 7-hydroxyIation (at substrate concentrations 
ranging from 1.25 to 20 /xm) by clotrimazole appeared 
to be competitive at both 5 and 15 /iM (as indicated by 
intersection of the Lineweaver-Burk plots close to the 
y axis). By definition, noncompetitive inhibition cannot 



be overcome by increasing the concentration of sub- 
strate, and mechanistically it is difficult to envision 
how an increase in inhibitor concentration could alter 
the type of inhibition firom noncompetitive to competi- 
tive (although the opposite change is understandable). 
Therefore, these results suggest that the appearance 
of noncompetitive inhibition of CYP2A6 by 1.5 /iM clo- 
trimazole at low concentrations of coumarin (Fig. 8B) 
was an experimental artifact, and that clotrimazole is 
in fact a competitive inhibitor of CYP2A6 (Kj 0.42 /im). 

Diethyldithiocarbamate was unusual in that the in- 
hibition of coumarin 7-hydroxylation by this compound 
was uncompetitive in nature, as indicated by parallel 
lines in the Lineweaver-Burk plot shown in Fig. 9. In 
this case, the value (1.8 /iM) was determined from 
the Michaelis-Menten equation for uncompetitive in- 
hibition: 

+ (SKI + [lyxi) • 

Sample-tO'Sample Variation in Inhibitory Constants 

Inhibitory constants (Ki values) were initially deter- 
mined with microsomes from a single human liver 
(sample 16) that had high levels of CYP2A6. To deter- 
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FIG. 5. Effect of nicotine and tranyleyproimne on the T-hydroxyla- 
tion of coumarin in human liver microsomes. Hunum liver micro- 
somes (10 /ig^ml) from a single liver (No. 16) were incubated with 
various concentrations of coumarin in the presence of increasing 
amoimts of nicotine or tranylcypromine. The rates of coumarin 7- 
hydroxylation were determined hy fluorescence spectroscopy. 

mine the general applicability of these results, six indi- 
vidual samples and a pooled sample of human liver 
microsomes, as well as cDNA-expressed CYP2A6, were 
each incubated with 0.5 /iM coumarin ([S] ^ K^) in the 
presence and absence of each of the 12 chemicals found 
to inhibit CYP2A6. The final concentration of each in- 
hibitor was based on the values determined with 
sample 16 and was intended to inhibit the 7-hydrosyla- 
tion of 0.5 /iM coumarin by 50%. As shown in Fig. 10, 
each chemical tested inhibited the 7-hydroxylation of 
coumarin by each sample to approximately the same 
extent regardless of whether the microsomal sample 
contained high, intermediate, or low levels of CYP2A6, 
and regardless of whether himian liver microsomes or 
cDNA-expressed CYP2A6 was used as the enzyme 
source. As described under Materials and Methods, the 
data presented in Kg. 10 were used to estimate Ki val- 
ues which are summarized in Table m. In the case of 



sample 16, there was good agreement between Ki val- 
ues determined with multiple substrate/multiple inhib- 
itor concenbrations (as shown in Rgs. 5-8) and Ki val- 
ues determined from two determinations (Pig. 10). 

DISCUSSION 

The extent to which individual P450 enzymes con- 
tribute to the metabolism of a drug or new chemical 
entity can be determined with human liver microsomes 
by several approaches, including the use of P450 en- 
zyme inhibitors. In principle, the relative contribution 
of each P450 enzyme to the metabolism of a drug by 
human liver microsomes can be determined with P450 
enzyme-spedfic inhibitors. In practice, however, this 
approach is complicated by the fact that few, if any, 
chemicals inhibit a single P450 enzyme specifically. 
This lack of specificity is hardly surprising because the 
P450 enzymes in human liver microsomes are re- 
nowned for their ability to metabolize a wide variety 
of structurally diverse chemicals, which accounts for 
their broad substrate specificity. The use of chemical 
inhibitors in reaction phenotyping is often complicated 
by the lack of distinction between potency and specific- 
iiy. Quinidine, for example, is a potent inhibitor of 
CYP2D6 (21-23), but it is also a substrate and, hence, 
competitive inhibitor of CYP3A4 (24, 25). Therefore, 
when added to hxmnan liver microsomes, quinidine can 
inhibit both CYP2D6 (K^ 0.04 mm) and Crn>3A4 iKi 50 
MM), depending on the concentration of quinidine and, 
just as importantly, the concentration of the drug im- 
der investigation. Even though it is not a specific inhib- 




FIG. 6. Effect of preincubation on the inhibition of coumarin 7- 
hydro>?ylase activity in human liver microsomes by 8-methoxypso- 
raien. Human liver microsomes (10 fig/ra]) from a sing^le liver (No. 
16) were incubated in the presence of increasing amounts of 8-me- 
thoxypsoralen vnth and without a 5-min preincubation, and rates of 
coumarin 7-hydroxylation were determined by fluorescence spectros- 
copy. 
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FIG. 7, Determination o£Ki„„^tim for the metabolism-dependent inhibition of cDNA-expressed CYP2A6 by &-inetho3orpsoralen. Micro- 
somes (0.05 mg^ml) containing cDNA-expressed CYP2A6 were incubated for 2 min with 50 fM coumarin following a preincubation period 
of 1 to 6 min^ and rates of formation of 7-hydroxycoumarin were determined by fluorescence spectroscopy. Note that the left-hand graph 
)8 a semilog plot. 



itor, quinidine can be used to distinguish the role of 
CYP2D6 and CYP3A4 in the metabolism of a drug by 
large differences in the potency with which quinidine 
inhibits these two P450 enzymes. In other cases, how- 
ever, the potency with which inhibitors interact with 
different P450 enzymes has not been determined, 
hence, the potential specificity of the inhibitors is not 
known. For this reason, we have set out to measure 
the inhibitory constants (Jd values) of commonly used 
chemical inhibitors and substrates for the major P450 
enzymes expressed in human liver microsomes. In the 
first of these studies, we have examined the ability of 
47 chemicals to inhibit CYP2A6. 

Based on previous reports, some of the 47 chemi- 
cals examined were expected to inhibit the 7-hydrox- 
ylation of coumarin by human liver microsomes, par- 
ticularly nicotine, ketoconazole, and 8-methoxypso- 
ralen. Nicotine is a substrate for CYP2A6 (26), and 
ketoconazole is a reversible inhibitor of CYP2A6, al- 
though It is a much more potent inhibitor of CYP3A4 
(24). As expected, both nicotine {Ki 24 /zM) and ketoco- 
nazole {Ki 24 ;aM) were identified in this study as 
competitive inhibitors of coumarin 7-hydroxylation. 
Maenpaa et aL (27, 28) identified 8-methox3rpsoralen 
as a potent inhibitor of CYP2A6, although these in- 
vestigators concluded that 8-methoxypsoralen was 
not a substrate for CYP2A6. In the present study, we 
demonstrate that 8-methoxypsoralen is a mecha- 
nism-based, noncompetitive inhibitor of CYP2A6. 
The metabolism-dependent inactivation of CYP2A6 
by 8-methoxypsoralen occurred at such a high rate 
(^inactivation 0.5 miu"^) aud at such low concentrations 
of inhibitor (Ki < 0.6 a^m) that 8-methoxypsoralen 



appeared to function as a noncompetitive inhibitor 
even in the absence of a preincubation period (Fig. 
6), prestzmably because substantial inactivation of 
CYP2A6 occurred during the 2-min incubation to 
measure rates of formation of 7-hydroxycoumarin. 
The fact that Maenpaa et aL (27) did not detect any 
metabolism of 8-methoxypsoralen by CYP2A6 sug- 
gests that 8-methoxypsoralen inactivates CYP2A6 
with a high partition ratio (i.e., a large percentage of 
the 8-methoxypsoralen metabolites formed by 
CYP2A6 bind to and inactivate the enzyme). An alter- 
native explanation for the apparent inability of 
CYP2A6 to generate metabolites of 8-methoxyip50- 
ralen is that P450 enzymes other than CYP2A6 gen- 
erate reactive metabolites of 8-methoxypsoralen that 
preferentially bind to and inactivate CYP2A6. In sup- 
port of this possibility, Mays et aL (29) have shown 
that various rat P450 enzymes can convert 8-me- 
thoxypsoralen to electrophilic metabolites that bind 
covalently to microsomal protein. However, this pos- 
sibility is not consistent with the observation that 8- 
methoxypsoralen is a mechanism-based inhibitor of 
cDNA-expressed CYP2A6, which would seem to 
prove that CYP2A6 itself can metabolically activate 
8-methoxypsoralen to electrophilic metabolites that 
inactivate the enzyme. However, further work will 
be required to identify the electrophilic metabolite 
that is formed by CYP2A6 and to elucidate the mech- 
anism by which this metabolite inactivates CYP2A6. 
8-Methox3rpsoralen has been reported to inhibit 
CYPlAl/2 (30), so additional studies are required to 
establish whether CYP2A6 can be irreversibly inacti- 
vated by 8-methoxypsoralen under conditions that 
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FIG. 8. Effect of clotrimazole on the 7-hydn»^lation of coumarin 
by human liver microsomes. Human liver microsomes (10 ;ig/ml) 
firom a single liver (No. 16) were incubated with various concentra- 
tions of coumarin in the presence of increasing amounts of clotrima- 
zole. The rates of coumarin 7-hydroxylation were determined by flu- 
orescence spectroscopy. 



promine was not a mechanism-based inhibitor of 
CYP2A6, but inhibited the 7-hydro3iylation of coumarin 
competitively with a value of 0.04 /am. Tranylcypro- 
mine has been touted as a specific inhibitor of CYP2C19 
(21) based on the potency with which it inhibits the 4'- 
hydroxylation of S-mephenytoin {Ki 8 ^m) (21). How- 
ever, tranylcypromine has also been reported to inhibit 
CYP2D6 with a Ki of 31 (36). The ability of tranylcy- 
promine to inhibit both CYP2D6 and CYF2A6 indicates 
that this monamine oxidase inhibitor is not a specific 
inhibitor of CYP2C19, and may in fact be more useful 
as a probe of the role of CYP2A6 in the metabolism 
of drugs by human liver microsomes. In contrast to 
tranylcypromine, the other substrates/inhibitors of 
Cr5fP2C19 examined, namely hexobarbital, mepheny- 
toin, and diazepam (37), were not potent inhibitors of 
CYP2A6 (Ki > 200 fiM), 

Diethyldithiocarbamate was initially thought to be 
a specific inhibitor of CYP2E1 (38), but various investi- 
gations have shown that, in addition to being a mecha- 
nism-based inhibition of C!YP2E1 (39), diethyldithio- 
carbamate also inhibits other human P450 en23anes 
including CYPlAl/2, CYP2A6, CrrP2C8, and CryP3A4 
(10, 40). In this study, we confirmed that diethyldithio- 
carbamate inhibits CYP2A6 (K 1.8 jum). Unlike the 
other chemicals examined, diethyldithiocarbamate ap- 
peared to be an uncompetitive inhibitor of CYP2A6, as 
shown in Pig. 8, although it is possible that this un- 
usual pattern of inhibition resulted from a combination 
of competitive and noncompetitive inhibition. Another 
substrate for CYP2E1, 4-mtrophenol (39, 41), also in- 
hibited the 7-hydroxylation of coumarin. The inhibition 
was competitive with a Ki value of 46 /zM. We have 



result in little or no inactivation of CYP1A2 or any 
other P450 enzjrmes in human liver microsomes. 

Ketoconazole is commonly used as an inhibitor of 
CYP3A4 (31-33), although it has been shown to inhibit 
other P450 enzymes, including CYPlAl/2, CYP2C9, 
and CYP2D6 (24,34,35). Like ketoconazole (K, 24 fm\ 
the anti-fimgal agents miconazole (Ki 0.22 /iM) and clo- 
trimazole (Ki 0.42 ^m) were competitive inhibitors of 
CYP2A6, but were one to two orders of magnitude more 
potent than ketoconazole. Clotrimazole and miconazole 
have previously been reported to inhibit (JYP2A6 as 
weU as CYP3A4 and CYP2C9 (28, 34, 35). Like ketoco- 
nazole, fluconazole and itraconazole also inhibit 
CYP3A4 and CryP2C9 (33, 35) but, in contrast to keto- 
conazole, they did not inhibit CYP2A6 (K, > 200 piM). 

Of the 47 chemicals tested, tranylcypromine and 8- 
niethoxypsoralen were the most potent inhibitors of 
CYP2A6. In contrast to 8-methoxypsoralen, tranylcy- 
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FIG. 9. Effect of dietbyldithiocarbamate on the 7-hydroxylation of 
coumai^ by human liver microsomes. Human liver microsomes (10 
figfmi) from a single liver (No. 16) were incubated with various con- 
centrations of coumarin in the presence of increasing amounts of 
diethyldithiocarbamate. The rates of coumarin 7-hydroxylation were 
determined by fluorescence spectroscopy. 
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FIG. 10. Sample-to-sample variation in IC50 of inhibitors of CYP2A6. Human liver microsomes (10 ^i^ml protein) lErom six livers, a pooled 
sample, and microsomes containing cDNA-expressed CyP2A6 were incubated for 6 min with 0.6 coumarin in the absence (solid bars) 
and presence (flecked bars) of chemical inhibitors added in 10 fA methanol. Rates of formation of 7-hydroxycoumarin were determined by 
fluorescence spectroscopy. Inhibitors were added in concentrations that were found to cause roug^ily a 50% inhibition. The concentrations 
were as follows: tranylcypromine, 0.05 fOA; 8-methaxypsoralen, 0.05 /iM; miconazole, 0.6 mm; clotrimazole, 0.6 pM; DDTC, 10 ^M; ellipticine, 
10 MM; fl-naphthoflavone, 12 fjM; ketoconazole, 40 mM; nicotine, 50 /jm; metyrapone, 100 mm; p-nitrophenol, 50 mm; and 4-methylpyrazoie. 
100 MM. 



recently reported that 4-nitrophenol is a substrate for 
CYP2A6 (42), which is consistent with its ability to 
competitively inhibit the 7-hydroxylation of coumarin. 
4-Methylpyra2ole has been touted as a selective inhibi- 
tor of CYP2E1 (31, 43), although it has been reported 
to inhibit CYP2D6 (24). In this study, 4-methylpyra2ole 
was fovmd to competitively inhibit CYP2A6 with a Ki 
value of 78 /iM. It would appear, therefore, that several 
substrates and inhibitors of CYP2E1 are also sub- 
strates and/or inhibitors of CYP2A6. A notable excep- 



tion is chlorzoxazone, which is a substrate for CYP2E1 
(37, 39, 44) but which was ineffective as an inhibitor 
of CYP2A6 {Ki > 200 ^M), 

Ellipticine and a-naphthoflavone are widely used bb 
inhibitors of CJYPlAl/2, Both compounds inhibited the 
7-hydroxylation of coumarin with Ki values in the 10- 
20 fiM range. Ellipticine has been reported to be si^ 
inhibitor of CYPlAl and CYP1A2 (30); however, there 
was no evidence that its ability to inhibit CYP2A6 i^' 
volved mechanism-based inhibition. a-Naphthoflavone 
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TABLE ni 
Chemical Inhibition of CYP2A6 



T A t« 1 k ■t4' 
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0.2 


Noncompetitive 


0.26 


O.06 


0.05-0.5 
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0.05 


Competitive 


0.04 


0.03 


0.02-0.05 


0.05 


Miconazole 


0.6 


Competitive 


0.22 


0.24 


0.16-0.85 


0.19 


Clotarimazole 


0.6 


Competitive 


0.42 


0.32 


0.21-0.76 


0.19 


Diethyldithiocarbamate 


10 


Uncompetitive 


X.8 


2 


2.0-33 


56 


EUiptidne 


10 


Competitive 


16 


4 


3-13 


7 


fl-Naphthoflavone 


12 


Competitive 


12 


10 


10-21 


25 


Ketoconazole 


40 


Competitive 


24 


21 


5.0-28 


7 


Kicotine 


50 


Competitive 


24 


26 


15-47 


60 


Metyrapone 


50 


Competitive 


28 


16 


16-75 


73 


4-Nitrophenol 


100 


Competitive 


46 


42 


28-84 


38 


4-Methylpyra2ole 


100 


Competitive 


78 


72 


40-240 


103 



-Human liver microsomes (10 ;ig/ml protein) from a single liver (sample 16) were incubated for 5 min with coumarin concentrations 
ranging from 0.125 to 2 ^ and multiple inhibitor concentrations, and rates of 7-hydroxycoumariii formation were determined by fluorescence 
spectroscopy. 

* Human liver microsomes (10 fig/ml protein) from six different livers (18, 19, 14. 7, 16, and 17), a pooled sample, and microsomes 
containing cDNA-expressed CYP2A6 were incubated for 6 min with 0.5. /*M coumarin, in the presence and absence of inhibitors (added 
in 10 m1 of methanol at the final concentration indicated). Rates of formation of 7-hydroxycoumarin were determined by fluorescence 
spectroscopy. 

The Ki value showti in parentheses was determined from the rate of inactivation of cDNA-expressed CYP2A6. as shown in Fig. 7, 



was thought be a specific inhibitor of CYPlAl/2 (30, 
31, 45), but several studies have shown it inhibits other 
P450 enzymes, including CYP2A6, CYP2B6, CYP2C9, 
and CYP3A4 (10, 24, 46). The results of this study con- 
firm the ability of a-naphthoflavone to inhibit CYP2A6, 
as first reported by Chang et al (10). In contrast to 
elUpticine and a-naphthoflavone, other substrates/in- 
hibitors of CYPlAl/2 failed to inhibit coumarin 7-hy- 
droxylation. For example, caffeine and phenacetin, 
which are substrates of CYPlAl/2 (37, 47, 48). and 
fiirafyHine, which is a mechanism-based inhibitor of 
Cr5rPlAl/2 (30, 31, 49, 50), did not inhibit CYP2A6 (Kj 
> 200 plM). 

As expected, many of the chemicals that are com- 
monly used as specific substrates or inhibitors of P450 
enzymes did not inhibit the 7-hydroxylation of couma- 
rin (Ki > 200 fiM), including orphenadrine, a mecha- 
nism-based inhibitor of CYP2B6 (36); sulfaphenazole, 
sulfinpyrazone, tolbutamide, warfarin, and diclofenac, 
which are substrates/inhibitors of CYP2C9 (9, 33, 37, 
38, 44, 51); quinidine and dextromethorphan, which 
are inhibitors/substrates for CYP2D6 (37, 52-54); 
erythromycin, troleandomycin, and ethinylestradiol, 
which are mechanism-based inhibitors CYP3A4 (9, 33, 
36, 55), and cimetidine, an inhibitor of several P450 
enzymes (56) and a substrate for the flavin monooxy- 
genase FM03 (57). 



Most of the inhibitors examined in this study were 
added to 1-ml incubation mixtures in 10 fxl of methanol 
which, in contrast to the other solvents examined, 
failed to inhibit CYP2A6 when the concentration of 
substrate was equal to Kr^ (i.e., 0.5 fjM coumarin). Un- 
der these same conditions, tetrahydrofuran and diox- 
ane completely inhibited the 7-hydroxylation of couma- 
rin (Pig. 2). Although the inhibitory effects of most sol- 
vents precluded their use in this study, it should be 
noted that none of them was a particularly potent in- 
hibitor of CYP2A6. Even for the most inhibitory sol- 
vent, dioxane, the K-, value exceeded 200 pM (results 
not shown). 

Only one saimple of hiiman liver microsomes (sample 
16) was incubated with mtdtiple concentrations of sub- 
strate and inhibitor to determine values. However, 
experiments were conducted with several microsomal 
samples and with recombinant CYP2A6 to examine the 
general applicability of the results obtained. We ob- 
served little sample-to-sample variation in the K„, for 
coumarin 7-hydroxyIation, which was approximately 
0.5 fjM regardless of whether the sample had high or 
low levels of CYP2A6, However, it should be noted that 
great care was taken to measure initial rates of couma- 
rin 7-hydroxylation. The percentage of substrate con- 
verted to 7-hydroxycoumarin in our studies ranged 
from less than 1 to about 15% We suspect that reports 
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of higher iC„ values for the 7-hydroxylation of coumarin 
by human Kver microsomes, such as a if;„ of 10 /iM 
reported by Yamazaki et al (58), stem from excessive 
metabolism of the substrate such that reaction rates 
. did not reflect initial velocities. In this study, the con- 
centration of microsomal protein was 10 /ig/ml and the 
incubation time was 5 min, whereas in the study by 
Yamazaki et aL (58) the protein concentration was 300 
Mg/ml and the incubation time was 10 min, which 
would have resulted in 60 times more metabolism of 
coumarin. The inhibitory constants determined with 
sample 16 also appeared to be representative of other 
microsomal samples and the cDNA-expressed CYP2A6, 
although the sample-to-sample variation in if, values 
was determined from two data points; hence, these val- 
ues are more prone to error. Nevertheless, when liver 
microsomes and cDNA-expressed CYP2A6 were incu- 
bated with 0.5 /iM coumarin (i.e., when [S] = KJ, the 
rate of coumarin 7-hydroxylation decreased approxi- 
mately 50% when various competitive inhibitors were 
added at concentrations equal to twice (which would 
be expected to cause 50% inhibition). 

This study provides evidence that chemical inhibi- 
tors are not as selective as the literature would indi- 
cate, and underscores the need for further character- 
ization of the inhibitory spectrum of commonly used 
P450 enzyme inhibitors. The Ki values determined in 
this study should be useful in elucidating the extent to 
which CYP2A6 contributes to the metabolism of drugs 
and new chemical entities by htunan liver microsomes. 
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